Relativistic wakes produced by intense laser or particle beams propagating through plasmas are being considered as accelerators 1, 2 for next generation of colliders and coherent light sources 3 . Such wakes have been shown to accelerate electrons and positrons to several gigaelectronvolts (GeV) 4-10 , with a few percent energy spread 8-10 and a high wake-to-beam energy transfer efficiency 7 . However, complete mapping of electric field structure of the wakes has proven elusive. Here we show that a high-energy electron bunch can be used to probe the fields of such light-speed wakes with femtosecond resolution. The highly transient, microscopic wakefield is reconstructed from the density modulated ultra-short probe bunch 1 arXiv:1610.05595v1 [physics.plasm-ph]
after it has traversed the wake. This technique enables visualization of linear wakefields in low-density plasmas that can accelerate electrons and positrons beams. It also allows characterization of wakes in plasma density ramps critical for maintaining the beam emittance 11, 12 , improving the energy transfer efficiency 7, 13 and producing high brightness beams 14, 15 from plasma accelerators.
When an intense laser or charged particle beam passes through a plasma it leaves behind a wake caused by the charge separation of plasma electrons and ions 1, 2 . The phase velocity of the wake is nearly the speed of light c and the longitudinal electric field can be orders of magnitude larger than that in conventional accelerators. To optimize both the efficiency and the energy spread of the accelerated beam, accurate information about the field structure of the wake is needed. This has proved difficult because the wakes are microscopic, highly transient and relativistic. In previous studies, optical methods such as frequency domain interferometry 16 and ultra-fast shadowgraphy 17, 18 were developed to diagnose the dimensions and shape of the wake in high density plasmas. Recently the transverse oscillations of the drive electron beam itself have been shown to give spatially integrated information about the longitudinal variation of the fields of a highly nonlinear wake 19 . No technique has hitherto successfully given instantaneous information about both the transverse and longitudinal distribution of the electric field of the wake. Linear (sinusoidal) plasma wakes are being explored for accelerating both electrons and positrons-a necessary condition for an electron-positron collider 3 . Here we show that a femtosecond (fs) duration high-energy bunch of electrons generated by a laser wakefield accelerator (LWFA) can be used to take a snapshot of a second relativistically propagating laser-driven linear wake to give informa- tion about its instantaneous longitudinal and transverse field structure as well as its spatio-temporal evolution.
The concept is illustrated in Fig. 1 and is described fully in the supplementary information (see Supplementary Information Section 1, SI1). Briefly, the relativistic probe beam is generated by focusing a 25-TW, ∼40-fs (full width at half maximum, FWHM), Ti-sapphire laser pulse to give a normalized vector potential a 0 of ∼2 into a 8 × 10 18 cm −3 density plasma produced using a gas mixture of 95% helium and 5% nitrogen. The laser pulse excites a highly nonlinear wake and accelerates electrons via ionization trapping of nitrogen K-shell electrons 20 to give energies between 60-80 MeV with a 15-MeV energy spread and a charge of 2-10 pC. The pulse length of the probe is ∼4 fs (FWHM) 21 , the divergence is ∼7 mrad (FWHM) (see SI2). After propagating through free space for 11 cm the probe beam intercepts at right angle a second weaker/linear wake produced by a 4-TW, 100-fs, a 0 ≈ 0.25 Ti-sapphire laser in a variable density helium plasma. Both plasmas are produced by ionization of the gas emanating from supersonic gas jet nozzles. As the electron probe traverses the second plasma, some of the electrons are deflected by the electric field of the wake. These deflections, which originally appear as transverse momentum modulations of the probe beam, evolve into density modulations. The density modulated probe is detected by recording the radiation produced by the beam impinging upon a 100 µm thick cerium-doped yttrium aluminium garnet (Ce:YAG) screen (see Methods). This screen can be removed online to allow the probe beam to be dispersed by a magnetic spectrometer to record the energy spectrum of the electrons.
By properly adjusting the timing between the electron probe and the 4-TW laser, a snapshot of the wake is obtained on the Ce:YAG screen as shown in Fig. 2a . Figure 2b shows the density modulation δn/n 0 = (n − n 0 )/n 0 of the probe derived from this snapshot (see Methods and SI3).
The wavelength of the wake being probed is ∼65 µm, in very good agreement with the wavelength of 61 µm deduced from the plasma density of 3 × 10 17 cm −3 measured by interferometry (by extrapolating the data measured at higher backing pressures). The radius of the wake is about 10 µm (root-mean-square, rms) or ∼one collisionless skin depth of the plasma. The transit time of the probe through the wake is 66 fs. However, the time resolution is mainly determined by the length A theoretical model 22 is developed to relate δn/n 0 with the electric field E(x, y, z) of the wake,
where the integral limits ±s should be large enough to cover the transverse extent of the wakefield 22 .
Here the wake propagates along the z direction at a speed of β E c and the probe traverses along the x direction: p 0 = γm e c is the central momentum (γ ≈ 140) of the probe beam, e is the electron charge, βc is the velocity of the probe, L = 42 cm is the drift distance in vacuum, M = 4.8 is the geometric magnification, K τ , K E and K θ are correction factors for pulse length, energy spread and correlated divergence angle of the probe beam.
With the measured density modulation in hand, we can then reconstruct the wakefield by solving equation (1) show the reconstructed longitudinal and transverse variations of the E y field. In the longitudinal direction, the E y field is π/2 out of phase with the E z field as expected for a linear wake 3 . Meanwhile, the transverse variation of the E y field is of the form ye −y 2 /2σ 2 3 , also in excellent agreement with the measured E y field. The peak accelerating field is ∼0.9 ± 0.4 GeV/m, in good agreement with simulations. Moreover, the transverse field is approximately linear over ±8 µm. This linear portion is critical for preserving the emittance of the accelerating electrons. Although the wake measured in this experiment is in the linear regime, this probing technique can be extended to give qualitative features of highly nonlinear wakes 22 .
We now demonstrate the application of this technique to characterizing plasma wakes in density ramps. To maximize the charge throughput and minimize the emittance growth, the accelerating bunch must be carefully matched from one plasma accelerator stage to the next. This can be done in principle by employing plasma density ramps at the entrance to and the exit from the plasma acceleration section to properly increase/decrease the focusing force acting on the electrons 11, 12 . Wakes produced in plasma density up-ramps may be useful for increasing the dephasing (or acceleration) length to match the pump depletion length of the laser pulse 13 thereby increasing the energy transfer efficiency of a LWFA. On the other hand, density downramps have been suggested for reducing the phase velocity to controllably inject charge into the wake to generate high brightness beams 14, 15 . However, detailed mapping of the wakes in such low-density plasma ramps has not been done with existing techniques. Four snapshots showing the evolution of the E z (z, t) field. The blue curves show the wavelength variation of the wake. During this run the laser spot had a double lobed structure that produced a weaker secondary wake about π radians out of phase with the primary wake as seen in the third frame in Fig. 3a (see SI4) . b, The deduced density profile of the plasma as seen by the laser pulse (black dashed line). The two red points are direct estimation of the density from ω p = ck p using the value of k p (t = 0, z 1 = 170 µm, z 2 = 400 µm) just behind the laser pulse while the laser pulse was still visible in the frame (see SI5). The vertical spread is from shot-to-shot density variation and the horizontal errorbar is from the uncertainty in determining the location of the laser pulse. The red curve in b is the value of −∂k/∂t = ∂ω p /∂z from the data in a using which the density profile shown above is obtained. The shaded regions represent the uncertainty in measuring −∂k/∂t at different z values.
By varying the time delay between the two laser pulses and by focusing the weaker laser at the end of the rising density ramp that precedes uniform density region of the gas jet, the spatiotemporal evolution of the wake (28 shots at 8 different times) was recorded, as shown in Fig. 3a .
The wake wavelength λ decreases from the left to the right in Fig. 3a in all the frames due to the density gradient. Furthermore, at a particular z location λ increases with time. These two observations are not attributable to plasma expansion 24 which occurs over a longer timescale but instead can be explained as follows. First we note that a cold plasma wake has zero group velocity and continues to oscillate at its local plasma frequency ω p (z) after the laser pulse has passed. The phase of the wave is therefore φ = ω p (z)(t − z/v d ) where v d ≈ c is the velocity of the drive pulse.
t from which it follows that the wavenumber evolves in time according to −∂k/∂t = ∂ω p /∂z 25 . This change in k happens at every z location as time passes. Therefore by measuring k(z) for 8 shots that are roughly 0.77 ps apart, we obtain −∂k(z)/∂t (red curve in Fig. 3b ) and use this to obtain ω p (z) ≡ − ∂k(z) ∂t dz (see SI5). This can be converted into n e (z) = m e ε 0 ω 2 p /e 2 by noting that in the top frame in Fig. 3a the laser pulse has just reached the point z ≈ 170 µm, therefore k = k p (t 0 ) = ω p /c. This is shown in Fig. 3b by the black curve where the plasma density is seen to rise from ∼2.3 × 10 17 cm −3 to ∼3.6 × 10 17 cm −3 in 600 µm. This temporal variation of the wavenumber of the wake has been confirmed in PIC simulations with mobile ions.
In conclusion, we have demonstrated the imaging of light-speed plasma wake with femtosecond resolution and the reconstruction of its field structure by utilizing an ultra-short relativistic electron probe. Such complete information obtained in the experiments is vital to the development of plasma based wakefield accelerators.
Methods
Imaging system. The density modulation of the electrons after 42-cm of free space drift is converted into visible light signals by a 100-µm thick Ce:YAG screen. The visible light is collected and transmitted by the imaging system consisting of a coated silver mirror and a plano-convex lens pair and then recorded by an electron multiplying charge coupled device (EMCCD). The first plano-convex lens has a focal length of f = 180 mm while the second lens has a focal length of f = 600 mm. The magnification factor of the imaging system is 2.5. The imaging system is placed on a two-dimensional translation stage to ensure high spatial resolution, which is measured to be 2.8 µm (1.16 times diffraction limit). The imaging system can be removed online so that the spectrum of the electron bunch can be measured using the electron energy spectrometer.
Field structure reconstruction. To reconstruct the electric field structures, we need to know the density modulation δn/n 0 where δn = n − n 0 , and n is the measured probe density, n 0 is the corresponding background density of the probe beam. The background density is obtained from the corresponding data itself by filtering out the high frequency components in the data. The background is then subtracted from the raw data to give δn = n − n 0 and the result is divided by n 0 to give δn/n 0 . Ref. 22 gives a detailed procedure for retrieving the electric field E(x, y, z) from the corrected density modulation (δn/n 0 divided by the correction factors K τ , K E and K θ ). For the plasma and probe beam parameters used in the experiment,
(see SI3). Here we summarize the key steps: Step 1. Decoupling the E z and E y components of the electric field of the wake in equation (1) by using the Panofsky-Wenzel theorem 26 which states that ∂E z /∂y = ∂E y /∂z to get two separate equations for E z and E y respectively (similar to Eq.
7 and Eq. 8 in ref. 22) . These two equations relate the partial derivative of the measured density modulation I ≡ δn/n 0 along z (the wake propagation direction) and y (the orthogonal direction) direction, i.e., ∂I/∂z and ∂I/∂y to the longitudinal field E z and transverse field E y respectively.
Step 2. Solving these two Poisson's equations to get the integral terms, which are Abel transforms of the integrands.
Step 3. Instead of performing the standard Abel inversion, we multiply a factor
to the results obtained in the previous step to get the final E z and E y to suppress the noise introduced in Abel inversion. This is based on the fact that the Abel transform of a Gaussian function exp(−r 2 /2σ 2 E ) preserves its form thus can be simplified by multiplying a factor of √ 2πσ E to the original function. The factors in K are defined as follows: M = 4.8 is the geometric magnification factor, p 0 is the initial momentum of the probe, L is the free drift distance, k is the local plasma wave number and σ E is the local radius of the wake. Both the local wake wavenumber k and wake radius σ E can be directly obtained from the measured density.
Particle-in-cell simulation. The simulation results shown in Fig. 2 are obtained with the code OSIRIS 23 . The simulation box is 300 µm along the laser propagation direction (z) and 200 µm along the orthogonal direction (y). The box is divided into 11800 and 1570 cells along the respective directions. Four particles are initialized in each cell. Pre-ionized plasma is used. The profile of the plasma starts with a 12.7 µm linearly rising edge and followed by a plateau. The peak density of the plasma is 3 × 10 17 cm −3 . A 100-fs (FWHM), p-polarized laser pulse with a sin 2 intensity
